Patients with neuroendocrine neoplasms (NENs) often require systemic treatment, which is frequently limited by the emergence of drug resistance. mTOR inhibitors (mTORi), such as RAD001 (everolimus), have been shown to inhibit neoplasm progression. mTORi stimulates autophagy, a degradation pathway that might promote the survival of neoplasm cells that are exposed to anti-cancer therapy. Chloroquine (CQ), a well-known anti-malarial and anti-rheumatic drug, suppresses autophagy. Based on our previous results, we hypothesized that CQ may enhance the anti-tumorigenic effects of mTORi by inhibiting autophagy and we aimed to examine the anti-tumorigenic effect of CQ, alone or in combination with RAD001. We established a NEN subcutaneous xenograft mouse model and evaluated the effect of the drugs on tumor growth, mTOR pathway, autophagy and apoptosis. CQ alone and in combination with RAD001 significantly decreased neoplasm volume. Histopathological analysis revealed that the combination of CQ and RAD001 markedly inhibited mTOR activity and neoplasm cell growth, along with accumulation of autophagosomes and increased apoptosis. In conclusion, CQ enhances the anti-tumorigenic effect of RAD001 in vivo by inhibiting autophagy. Clinical trials addressing the effects of CQ therapy on neoplasm progression in patients with NENs, mainly in those treated with mTORi, are warranted.
Introduction
Neuroendocrine neoplasms (NENs) constitute a heterogeneous and rare family of tumors that arise from cells of the diffuse endocrine system dispersed throughout the body, with an increasing annual incidence (~6.9/100,000 people) (Dasari et al. 2017) . The majority is well-differentiated and slow growing, but at least 50% are metastatic at diagnosis (Oberg 2005 (Oberg , 2011 . Surgical excision with curative intent is usually limited to a small group of patients with localized disease (Oberg 2005) . Whereas a variety of systemic therapeutic options are available for patients with unresectable NENs (e.g., somatostatin analogues, peptide receptor radio-ligand therapy, biological agents, etc.), they eventually fail due to drug resistance, resulting in neoplasm progression (Oberg 2005 , Grozinsky-Glasberg et al. 2008 .
NENs have been shown to have alterations in signal transduction pathways, such as the PI3K/Akt/mTOR pathway (Altomare & Testa 2005) . mTOR (mechanistic Target Of Rapamycin) is a serine/threonine proteinkinase and a catalytic subunit of two structurally and functionally distinct complexes, mTORC1 and mTORC2. mTOR plays a central role as a regulator of cell growth and proliferation, and is constitutively activated in NENs (Grozinsky-Glasberg & Pavel 2012) . It is well known that treatment with mTORC1 inhibitors (such as rapamycin and its analogues) significantly suppresses the proliferation of NEN cells of different origin (Grozinsky-Glasberg et al. 2010 , Avniel-Polak et al. 2015 .
However, it has been shown that mTORC1 prevents the generation of autophagosomes and the initiation of autophagy through phosphorylation of ULK1; the administration of mTORi such as RAD001 inhibits mTORC1, preventing phosphorylation of ULK1, and therefore resulting in acceleration of autophagy. Autophagy is a highly conserved, genetically controlled cell-survival pathway, stimulated in response to stress (e.g., starvation, hypoxia, etc.) (Liu et al. 2017) , during which cytoplasmic components (misfolded proteins or damaged organelles) are directed to lysosomes for degradation and eventual recycling (Cecconi & Levine 2008 , Ganley et al. 2009 , Hosokawa et al. 2009 , Jung et al. 2009 , Peterson et al. 2009 , Yang et al. 2011 , Riahi et al. 2016 . Inhibition of mTOR by rapamycin and its derivative RAD001 (everolimus) stimulates autophagosome generation and flux, thereby promoting tumorigenesis (Mazure & Pouyssegur 2010 , Yang & Klionsky 2010 , Yang et al. 2011 , Bachar-Wikstrom et al. 2013b , Czarny et al. 2015 , Fang et al. 2015 .
Interestingly, it appears that autophagy is in a mutual relation with the process of apoptosis, and that this interconnection is context-dependent; it has been shown that autophagy may facilitate apoptosis or necrosis (Marino et al. 2014) . Therefore, autophagy has been exploited as a possible therapeutic strategy (O'Reilly et al. 2006 , Amaravadi et al. 2016 in different tumor models, including glioma, glioblastoma, neuroblastoma and breast cancer, and in some NEN models (Amaravadi et al. 2007 , Degtyarev et al. 2008 , Fan et al. 2010 , Xu et al. 2011 , Hong et al. 2013 , Seitz et al. 2013 , Weckman et al. 2015 . Chloroquine (CQ), commonly used in the treatment of malaria and of rheumatic autoimmune disorders, inhibits lysosomal hydrolase activity and consequently autophagy. CQ has lysosomotropic properties, increasing the lysosomal pH by inhibiting H+-ATPase, thereby inhibiting autophagosome-lysosome fusion and lysosomal degradation (Rubinsztein et al. 2012) .
We have previously shown in an in vitro model that treatment with CQ alone or together with mTORi exerts a robust inhibitory effect on a pancreatic NEN cell line (BON1) proliferation along with increased apoptosis (Avniel-Polak et al. 2015) . In the present study, we extended our findings and studied the effect of treatment with CQ, alone or in combination with RAD001 (everolimus), on NEN progression in vivo using a BON1 subcutaneous xenograft mouse model.
Materials and methods

BON1 cell line
The pancreatic-carcinoid-derived cell line, BON1, was cultured in DMEM/F12 (1:1) medium (Biological Industries, Beit-Haemek, Israel). The medium was supplemented with 10% FCS, 1% penicillin/streptomycin and L-glutamine (Biological Industries). All cells were cultured at 37°C in a 5% CO2 atmosphere. The cells were grown in 10-cm plates and passaged once every 3-4 days on a 1:3 split.
Reagents
The antibodies used were as follows: anti-phospho-S6 ribosomal protein (Ser240/244); anti-LC3-II and anti SQSTM1/P62 (Cell Signaling Technology); antisynaptophysin (R&D Systems); anti Ki67 (clone SP6, Spring Bioscience, Pleasanton, CA, USA). 2nd antibodies are: goat anti rabbit-Cy5; donkey anti rabbit-Cy3; donkey anti goat-Alexa Fluor 488 and donkey anti mouse-Cy3 (Jackson ImmunoResearch). In Situ Cell Death Detection Kit (Roche AG).
RAD001 (everolimus) (LC Laboratories, Woburn, MA, USA) was dissolved first in DMSO, following dilutions with PBS to yield a stock solution of 0.9 mg/mL, which was stored at −20°C. Chloroquine was supplied by Sigma-Aldrich, Israel, and diluted in PBS to solution of 18 mg/mL. CQ solution was prepared freshly every day, whereas RAD001 stock solution aliquots were thawed immediately before treating the animals. The controls were prepared as appropriate, using the same vehicle as for the drug (PBS).
Subcutaneous xenograft mouse model
Neoplasm xenografts were established 5 days following the subcutaneous injection of 4 × 10 6 BON1 cells to the back of athymic nude mice (FOXN1NU NU/NU mice). Once neoplasm size reached 130 mm 3 , the mice were randomized into 4 groups and treated for the next 13 days with: (1) vehicle (PBS, 100 μL), (2) chloroquine (CQ) (60 mg/kg), (3) RAD001 (3 mg/kg), or (4) RAD001 and CQ (3 mg/kg and 60 mg/kg, respectively). All treatments were administrated Fig. 1 .
Immunofluorescence staining
All tissue and neoplasm samples were paraffinembedded, sectioned at 5 μm, deparaffinized, dehydrated and antigens retrieved. Sections of neoplasms went through blocking with CAS block (Life Technologies) for 10 min, and stained with the following antibodies: anti-LC3-II; anti-phospho-S6; anti-SQSTM1/P62 (all purchased from Cell Signaling Technology) and antisynaptophysin (R&D Systems); anti-Ki67 (clone SP6, Spring Bioscience). Slides were stained with the 1st antibody for 16 h in 4°C, followed by wash and 2-h incubation with one of the following 2nd antibodies: goat anti rabbit-Cy5; donkey anti rabbit-Cy3; donkey anti goat-488; donkey anti mouse-Cy3 (all purchased from Jackson ImmunoResearch). 
Neoplasm necrosis assessment
Neoplasm necrosis assessment was performed after H&E staining and by calculating necrosis volume relative to total neoplasm volume for each neoplasm.
The study was approved by the Animal Care and Use Committee of the Hebrew University, Jerusalem, Israel (MD-14-13746-5).
Statistical analysis
Statistical analysis and significance of differences between groups were assessed by Student's t-test. The results are shown as mean ± s.e.m. Significance was taken at P < 0.05. 
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Results
The effect of chloroquine (CQ) alone or in combination with RAD001 on tumor size and weight CQ alone or in combination with RAD001 significantly decreased tumor size in the BON1 subcutaneous NEN mouse model As expected, mice treated with PBS developed large neoplasms, reaching an average size of 943 mm 3 at the end of the study. Mice treated with CQ alone showed a decreased neoplasm size when compared to the control group (average size 588 mm 3 ), indicating that CQ inhibited neoplasm growth. RAD001-treated group also developed smaller neoplasms than the control mice (average size 343 mm 3 ). Noteworthy, the combination of CQ and RAD001 induced a marked reduction in neoplasm size, compared to drug given alone, reaching an average size of 223 mm 3 at completion of the experiment (each neoplasm measurement was performed as related to its initial size) ( Fig. 2A.) . We monitored neoplasm volumes in the RAD001 and the RAD001 + CQ groups for an extended period to test whether the effect on neoplasm size persists. The inhibitory effect of RAD001 persisted for up to ~ 22 days, when the tumor stopped to respond to the treatment and progressed rapidly; noteworthy, the effect of the RAD001 + CQ combination persisted for longer (up to ~30 days) but did not completely prevent tumor growth over time (Fig. 2B.) .
CQ alone or in combination with RAD001 significantly reduced neoplasm weight in the BON1 subcutaneous neoplasm mouse model
At the end of the experiment, mice were killed, and their neoplasms were excised and weighed. Mice from the control group developed larger neoplasms, reaching an average weight of 571 mg, while those from the CQ group and RAD001 group developed smaller neoplasms, reaching
Figure 2
Administration of CQ with RAD001 significantly decreased tumor growth in BON1 subcutaneous neoplasm model. 4 × 10 6 BON1 cells were subcutaneously injected to athymic nude mice, which were then randomized and treated with the following: (1) vehicle (PBS, 100 μL), (2) chloroquine (CQ) (60 mg/kg), (3) RAD001 (3 mg/kg), (4) RAD001 and CQ (3 mg/kg and 60 mg/kg respectively), for the next 13 days. Tumor size was measured daily using caliper and tumor volume was calculated using the equation: length*(width 2 )/2. (A) Tumor volume measurements: PBS-treated group (blue line) developed large neoplasms; however, CQ (red line) and RAD001 (green line) showed an inhibitory effect on tumor growth with decrease in tumor size. In the RAD001 + CQ group (purple line), the decrease in the tumor size was more significant. PBS (n = 12), CQ (n = 9), RAD001 (n = 11), RAD001 and CQ (n = 10). *RAD001 vs RAD CQ significance P < 0.05, # CQ vs RAD CQ significance P < 0.05. (B) Tumor volume -long-term follow-up: We followed tumor volume in the RAD001 and the RAD001 + CQ groups up to day 22. RAD001 (green line, n = 7), RAD001 and CQ (purple line, n = 6). The inhibitory effect of RAD001 + CQ treatment persisted for a longer period. (C) Average tumor weight summary: BON1 cells were subcutaneously injected to athymic nude mice as described. At the completion of the experiment, mice were killed, and tumors were excised and weighted. The figure summarizes the average of tumor weight in the treatments groups: PBS group: 571 mg (n = 11), CQ group: 467 mg (n = 9), RAD001 group: 271 mg (n = 10), RAD001 + CQ group: 148 mg (n = 9). Significant vs CQ P < 0.05. (Fig. 3A) . ( 
681
S Avniel-Polak et al. Autophagy and mTOR inhibition in an in vivo NEN model
25:6
Endocrine-Related Cancer an average weight of 467 mg and 271 mg, respectively. Interestingly, mice treated with the combination of RAD001 + CQ developed significantly smaller neoplasms compared to the other groups, reaching an average weight of 148 mg (Fig. 2C ). Representative pictures of neoplasms are presented in Fig. 2D .
CQ alone and in combination with RAD001 inhibits mTORC1 pathway signaling
We next studied the effects of CQ, RAD001 and their combination on mTORC1 signaling by staining neoplasm sections for p-S6 kinase, a downstream target of mTORC1.
In the control group, there was high expression of p-S6 in neoplasm cells (Fig. 3A) . Interestingly, the effect of RAD001 on p-S6 expression was mild (Fig. 3B ), possibly reflecting a relative neoplasm resistance to rapalogs in this model. Moreover, CQ also decreased p-S6 staining (Fig. 3C) . Noteworthy, treatment with CQ and RAD001 together synergistically inhibited mTORC1 evident by marked reduction of p-S6 in neoplasm cells ( Fig. 3D and E). Collectively, these findings suggest that treatment with CQ facilitated the inhibition of mTORC1 by rapalogs.
The combination of CQ with RAD001 arrests autophagy in mice neoplasms
Upon stimulation of autophagy, cytosolic LC3 (LC3-I) is recruited to the autophagosome membrane and undergoes lipidation, resulting in the LC3-II form. LC3-II decorates the autophagosome membrane and can be used to quantify autophagosome number (Mizushima & Yoshimori 2007) . LC3-II undergoes degradation in autolysosomes; therefore, treatment with lysosomal enzyme inhibitors, such as CQ, is expected to increase the number of LC3-II puncta (Ichimura et al. 2000 , Kabeya et al. 2000 , He et al. 2003 , Kabeya et al. 2004 , Tanida et al. 2004 , Wu et al. 2006 , Yang et al. 2011 . Tumor sections were stained for the autophagy marker LC3 and for the NEN marker synaptophysin. We are aware that the antibody used against LC3 in the immunofluorescence staining does not distinguish between LC3I and LC3II; however, we have previously shown that in BON1 cell line, both CQ and RAD001 + CQ induce mainly an increase in the amount of LC3II (Avniel-Polak et al. 2015) . Neoplasms taken from the PBS group exhibited low levels of LC3 stain (Fig. 4A ). As expected, neoplasms from the CQ-treated group exhibited high levels of LC3 (Fig. 4B) , whereas neoplasms from the RAD001-treated group exhibited reduced levels of LC3. It is possible that RAD001 similarly stimulated autophagosome generation and turnover, hence preventing the accumulation of autophagosomes (and of LC3) (Fig. 4C.) . However, neoplasms taken from the RAD001 + CQ-treated group exhibited higher levels of LC3 (Fig. 4D) as the result of the combination of autophagy acceleration by RAD001 together with inhibition of lysosomal degradation by CQ. LC3 mean fluorescence intensity levels are shown in Fig. 4E .
However, as RAD001 only mildly inhibited mTORC1 whereas CQ potentiated RAD001 inhibition of mTORC1 (as demonstrated by the pS6 staining, Fig. 3 ), an alternative scenario could be that the neoplasm xenograft 
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Endocrine-Related Cancer was relatively resistant to the stimulatory effect of RAD001 on autophagy and that CQ-induced autophagy in RAD001-treated cells by inhibiting mTORC1. To differentiate between these two possibilities, we stained the neoplasm grafts for P62/SQSTM1 (Fig. 5) . On the one hand, P62 is sequestered in autophagosomes being degraded in autolysosome; therefore, its expression may serve as a reporter of autophagic flux (Klionsky 2005) ; on the other hand, P62 is an integral part of the mTORC1 allowing its activation (Duran et al. 2011) . P62/SQSTM1 expression was increased in both CQ-and RAD001 + CQ-treated mice ( Fig. 5B and D) , indicating that CQ indeed inhibited lysosomal degradation in vivo. Intriguingly, RAD001 did not affect P62/SQSTM1 level in the neoplasm grafts compared to control mice ( Fig. 5A and C), suggesting that RAD001 alone had a limited effect on autophagy via mTORC1 in this neoplasm model.
The combination of CQ with RAD001 increased neoplasm cells apoptosis
In order to assess neoplasm cell proliferation, slides were stained for the Ki67 proliferation marker. As the Ki67 was high reaching 91-95% in all neoplasms samples (irrespective of the treatment arm, data not shown), we assumed that the inhibition of neoplasm growth was not via a decrease in cells proliferation, but rather by inducing cell death. Therefore, our next step was to study the effect of CQ alone or in combination with RAD001 on neoplasm cell apoptosis and necrosis. Apoptosis was assessed by TUNEL. Neoplasms treated with RAD001 but mainly with the combination of RAD001 + CQ significantly increased the number of apoptotic cells (Fig. 6C and D) compared to CQ alone ( Fig. 6A and B) .
Neoplasm necrosis was assessed by H&E staining; necrosis was present in all treatment groups, but mainly Figure 4 The combination of RAD001 + CQ increases LC3 levels, indicating autophagy arrest. Mice neoplasm samples were stained for the autophagy marker LC3 (red) and for the NEN marker synaptophysin (green), followed by DAPI nuclear stain (blue). Endocrine-Related Cancer increased in the CQ + RAD001-treated neoplasms (45% with PBS, 50% with CQ, 41% with RAD001 and 62% with CQ + RAD001, respectively) (Fig. 7) .
Discussion
In the current study, we demonstrated for the first time that, in the human pancreatic carcinoid (BON1) xenograft mouse model, CQ has by itself an anti-tumor effect, as seen by the decrease in tumor size and weight, and the addition of CQ to RAD001 showed even a stronger inhibitory effect. Based on these results, we looked further to understand the possible mechanisms by which CQ, alone or combined with RAD001, exerts these effects. We and others have previously shown that CQ markedly inhibits autophagy and interferes with cell component degradation, inhibits cell proliferation and arrests cell cycle via downregulation of cyclin D1 (Avniel-Polak et al. 2015 , Jia et al. 2017 .
Here, we examined initially the p-S6 expression in the treated neoplasm samples, as a known downstream marker of the mTORC1 signaling pathway. Noteworthy, CQ administration significantly decreased p-S6 staining, suggesting that this drug inhibits mTOR pathway signaling and activation. Surprisingly, the inhibitory effect of RAD001 was mainly evident in the early stages of our study (up to day 13), when we had to interrupt the experiments as in the control group of mice treated with PBS the tumors reached the upper limit of the ethically permitted tumor' volume. However, when we continued to observe only the mice treated with RAD and RAD + CQ for an extended period of time (up to 22 days), we saw an increase in the levels of S6, possibly suggesting the development of a relative resistance to RAD001 in this specific model; however, the co-administration of CQ with RAD001 markedly inhibited mTORC1 activity, suggesting a synergistic inhibitory effect on mTOR signaling and a possible sensitizing effect of CQ on cell response to RAD001 treatment. 
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We have previously demonstrated in an in vitro model that mTORi significantly increased the autophagic flux (Avniel-Polak et al. 2015) . In the present study, we show that LC3-II accumulation (indicator of autophagy arrest) is increased in neoplasms treated with CQ. Moreover, as the effect of RAD001 was only mild on both autophagy arrest and mTORC1 inhibition, but increased when CQ was added, we believe that CQ most probably potentiated the effect of RAD001, suggesting an indirect effect of CQ on mTORC1. Since mTORC1 senses the amino acid concentration in the cytosol as well as in the lysosome lumen, we hypothesized that CQ, by inhibiting the lysosome catabolic activity, interferes with the aminoacid efflux to the cytosol, which may additionally inhibit mTORC1 through an indirect mechanism. This may explain the inhibitory effect of CQ on mTOR pathway as seen by the reduction in p-S6 activity following CQ treatment, as well as the synergistic inhibitory effect of CQ when added to RAD001; however, further studies are required to clarify these findings.
Since LC3-II correlates with the number of autophagosomes, elevation of LC3-II indicated autophagosomes accumulation and increased autophagy arrest. The increase in autophagosomes accumulation was reported to indicate a potential toxic effect on cells. For example, in a myocardial ischemia model, autophagosomes are formed but fail to be cleared, and their accumulation resulted in cell death (Geng et al. 2010 , Marino et al. 2014 . This effect has been previously reported also in insulinoma cells (Bachar-Wikstrom et al. 2013a) as well in other models (Geng et al. 2010 , Choi et al. 2011 . Moreover, the mutual interconnection between autophagy and cell death (apoptosis) is highly contextdependent. Autophagy may function as a guardian or executioner of apoptosis depending on the surrounding microenvironment, therapeutic intervention and the stage of a neoplasm . In general, autophagy blocks the induction of apoptosis, and apoptosisassociated caspase activation inhibits the autophagic process (Marino et al. 2014) . Noteworthy, in our study, we demonstrated both an induction in apoptosis and in necrosis in neoplasms treated with the combination of CQ and RAD001 (Figs 6 and 7) .
In summary, we suggest that CQ, alone and in addition to RAD001, arrests autophagy in NEN cells, induces autophagosomes accumulation with a toxic effect on the cells, and decreases mTOR signaling, hence inhibiting neoplasm growth. Moreover, we suggest a possible new mechanism explaining CQ inhibition of mTORC1 via the interruption of the amino-acid efflux and emphasizing the mTOR role as an amino acid sensor.
The main limitation of our study is the use of the highly proliferative BON1 xenograft neoplasm model, meaning that these results may not be directly applicable for the in vivo well-differentiated NEN models. BON1 is a well-known and highly proliferative cell line of human pancreatic carcinoid origin frequently used as a NEN in vitro model. Whereas our results demonstrated here using a BON1 xenograft mouse model might not be directly extrapolated to in vivo G1 or G2 NEN models, they might be even more suggestive for the possible efficacy of autophagy inhibition as a therapeutic target in NEN models with a lower proliferation rate. However, due to the rarity of well-differentiated NEN cell-lines (i.e. QGP-1 cell line), until such cell-lines will be widely available, researchers in the field will have to rely on studies such as the present one.
Our results are indeed encouraging and suggest that autophagy inhibitors, such as chloroquine, may represent a new therapeutic approach for patients with metastatic progressive NENs, both before and when progressing under mTORi treatment. Chloroquine seems to have potent anti-neoplasm effects in this NEN xenograft model and therefore it warrants further evaluation in clinical trials in patients with advanced NENs.
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